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EFFECT OF WHEEL TYPE ON IMPACT REACTION 


By JAMES A. BUCHANAN, Associate Engineer of Tests, and E. G. LAPHAM, Junior Highway Engineer, Division of Tests, United States Bureau of Public Roads 


RESEARCH investigation with the object of 
obtaining information regarding the relative 
protective or cushioning quality inherent in 

different types of wheel was carried on by the Bureau 
of Public Roads in 1927 and 1928. This project was 
a part of the study being made by the bureau con- 
cerning the general subject of motor-truck impact. 

As it was necessary to limit the scope of the investi- 
gation, normal equipment for a 2-ton truck was selected 
as being a fair basis for comparison. Accordingly, all 
known manufacturers of ‘cushion’? wheels! of this 
capacity were invited to submit wheels for test, but 
for various reasons many declined, and only two wheels 
of the cushion type were made available. These and a 
conventional wood-spoke artillery wheel were used in 
the program, and each was successively equipped with 
dual new cushion, dual new solid, and dual worn solid 
tires. For purposes of comparison, tests were also 
made on a pneumatic tire mounted on a rigid wheel. 

It is believed that the method of test outlined, in 
addition to giving definite information regarding 
particular wheel types, will be of value to wheel manu- 
facturers and others interested in the development of 
cushioning devices for automotive equipment. 


PROCEDURE AND EQUIPMENT DESCRIBED 


There appeared to be two general methods by 
which the desired information might be obtained— 
first, by comparing the magnitude of the impact forces 
produced by each type of wheel under definite and 
identical test conditions, and, second, by determining 
the variations in the test conditions which were neces- 
sary to cause the different wheels to produce impact 
reactions of equal magnitudes. 

Data for these comparisons have been taken and 
will be discussed in detail later. In addition, there 
has been developed other information of interest in 
connection with the general subject of motor-truck 
impact. 

Wheels —As previously stated, the program included 
two wheels of the cushion type and one of the con- 
ventional rigid type as a standard of comparison. 

The two cushion wheels differed from each other 
fundamentally in that one (designated as wheel RS in 
this report) utilized rubber in shear as the cushioning 
medium, while the other (designated as wheel RC) 
utilized rubber in compression. 

The rigid wheel (referred to as wheel WM) was of 
the wood-spoke, metal-felloe type of construction. 

The three types of wheel are shown diagrammatically 
in Figure 1. 

Tires.—The tire equipment used on the wheels in- 
cluded one set of each of the following types, selected 
to represent the range in tire conditions (exclusive of 
pneumatic) which are found on the highways. 

Tire NC represents dual 36-inch by 5-inch new, 
hollow-center cushion tires. 

Tire NS represents dual 36-inch by 4-inch new, 
regular solid tires. Such tires are sometimes referred 
to as being of the low-profile, solid type. 


Tire WS represents dual 36-inch by 4-inch solid tires 
having a tread thickness of about five-eighths inch 
visible beyond the steel tire flange. These tires were 
obtained by cutting down new tires to the required 
thickness to simulate tires worn down in service. As 
they were cut down in a machine they differed from 
traffic-worn tires in that they were true and round. 
They also differed in that they had not deteriorated 
by aging. 

The sets of tires were placed on the wheels in turn, 
care being taken to insure that they were pressed on 
the wheels in a uniform manner. The three sets of 
wheels and three sets of tires provided a total of nine 
combinations for use in the tests. 





Jy 4 ie e) 
LOAAGOSUANNORNOOONAOGUOUONE ag 
YLLLLESLELEDLILE SLL, OLLERLLLIRLLLIRLL 
SR a LOT Pn BISOE BRS 





RIGID 
AR EGER eetiv es 


CUSHION 
COMPRESSION TYPE. 


CUSHION 
SHEARS ie es 


Figure 1.— DIAGRAMMATIC REPRESENTATION OF WHEEL 
Typres TESTED 


STATIC TESTS MADE ON EACH WHEEL AND PAIR OF TIRES 


Each wheel and pair of tires was subjected to a static 
load test up to 28,000 pounds (about three and one-half 
times the normal capacity load) in a universal testing 
machine. The displacements of the hub and of the 
tire rim were measured with dial micrometers, load 
increments of about 1,000 pounds being used. Figure 2 
shows how micrometers were placed on both sides of the 
wheel, and a knife edge under the plate on which the 
wheel rested which distributed the load evenly to both 
tires. The average of the deflections indicated at the 
rim was taken as the tire deformation, the average of 
the deflections at the hub was taken as the combined 
deformation of wheel and tire, and the difference be- 
tween the two was taken as the wheel deformation. 


PRELIMINARY TESTS INDICATE NECESSITY FOR USE OF IMPACT 
MACHINE 


In earlier impact tests of trucks and tires ? a proce- 
dure was developed whereby the impact reaction 
between the pavement and the tires of a moving truck 
was obtained by computing its sprung and unsprung 
components and combining the two. The sprung com- 
ponent was obtained from a record of the deflection of 





1 A cushion wheel, as distinguished from a rigid wheel, is one which has cushioning 
material incorporated in the supporting structure of the wheel. 


58362—29 


2 Public Roads, vol. 7, No. 4, June, 1926, Motor Truck Impact as Affected by Tires, 
Other Truck Factors, and Road Roughness, by James A. Buchanan and J. W. Reid. 
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the truck spring at the instant of impact. The un- 
sprung component was obtained from the known un- 
sprung mass and the acceleration or deceleration 1m- 
parted to that mass, as measured by an accelerometer 
attached to the hub of the wheel. 

It was recognized that the construction of a cushion 
wheel necessarily subdivided the unsprung mass of the 
truck into two or more portions. Since the major 
portion was still rigidly connected to the hub, it was 
thought that reactions based on hub accelerations, as 
outlined above, might give data sufficiently accurate 
for the purpose of this investigation. A series of tests 
was carried out operating the 2-ton test truck equipped 
successively with the various wheels over the artifi- 
cially roughened test road de- 
scribed in the report of the 
previous test. A study of 
the data obtained indicated 
the necessity of determining 
the importance of the differ- 
ence in acceleration of the 
component parts of the un- 
sprung mass. Accordingly, a 
few preliminary tests were 
made on the impact testing 
machine? used in former tests. 

These preliminary _ tests 
showed definitely that the 
component masses of cushion 
wheels are subject to different 

accelerations during impact 
and that the divergence of 
the rim acceleration from that 
of the hub varied with the 
type of wheel, the type of 
tire, and the specific test con- 
ditions. It was then decided 
that a complete series of tests 
on the impact machine would 
furnish data which would 
satisfy the objects of the 
investigation and, further, 
that tests with a truck on 
depended upon to accomplish 
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TESTING MACHINE 





Figure 2.—DIAGRAM OF 
SET-up FoR STATIC LOAD- 
DEFLECTION TESTS 


the road could mote 
these objects. 


INSTRUMENTS USED IN FINAL IMPACT TESTS DESCRIBED 


The impact testing machine, in addition_to permit- 
ting the various changes of wheel-tire combinations, 
also allowed wide ranges in truck-spring pressure and 
height of drop. For these tests the truck spring 
attached to the unsprung weight of the impact machine 
was adjusted to a deformation of 1% inches (corre- 
sponding to a load of 2,000 pounds) at the instant the 
tires made contact with the surface on which they were 
dropped. The height of fall was defined as the vertical 
distance the wheel dropped, under the combined in- 
fluences of gravity and the truck spring, from its posi- 
tion when released by the cam to its position at contact 
of the tires with the surface on which they were dropped. 
This height of fall was recorded graphically, together 
with the displacements of the hub and rim after con- 
tact, by means of styli attached to the various parts 





3 Public Roads, vol. 5, No. 2, April, 1924, Impact Tests on Concrete Pavement 
Slabs, by L. W. Teller. 








FicurE 3.—TueEe DiIsPpLACEMENT RECORDING DEvIcE. THE 
HorizontaL ANGLE NEAR THE Bottom EXTENDS BEYOND 
THE CONCRETE SLAB AND IS INDEPENDENTLY SUPPORTED 


Figure 4.—Tue ACCELEROMETER MouNTED To MEASURE 
ACCELERATION OF THE ‘‘HusB”’ PoRTION OF THE UNSPRUNG 
Mass 


and bearing on plates holding silicated paper, as shown 
in Figure 3. The height of “free” fall was varied 
between 0.2 inch and 2 inches. 
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Fiaurs 5.—GENERAL VIEW OF THE TESTING MACHINE 
Coit SprRiING ACCELEROMETER AT THE Top 


A Kreuger cell, as shown in Figures 3 to 5, was 
placed directly under the wheel on the pavement slab, 
upon which the wheel-tire combination was dropped. 
By this means a direct determination of the mag- 
nitude of the impact force was obtained. As demon- 
strated by Professor Kreuger and corroborated by 
other tests by the Bureau of Public Roads, such cells 
deform under normal static calibration conditions in 
the same manner that they do under motor-truck 
impact conditions, and the results obtained in these 
tests justify confidence in their use. 

The tests were made on a concrete slab, heavily 
reinforced and about 12 feet square. Its minimum 
thickness is 8 inches and the subgrade is firm. A 
machined steel plate was cemented on the surface to 
Pe a uniform bearing for the base of the Kreuger 
cell. 

The accelerometer used to measure the decelerations 
of the hub of the wheel and of the rim of the tire is of 
the contact type. It is a single-cell instrument,’ de- 
signed by Dr. Benjamin Liebowitz for the use of a 
special accelerometer subcommittee of a cooperative 
committee on motor-truck impact tests.° It consists 





4 Public Roads, vol. 5, No. 10, December, 1924. Accurate Accelerometers De- 
veloped by the Bureau of Public Roads, by L. W. Teller. See also, for a mathe- 
matical discussion, Transactions No. 2 of the Engineering Science Academy, Stock- 
holm, 1921; Method for Measuring and Calculating the Magnitude of Forces with 
Particular Regard to Impact Forces, by Prof. H. Kreuger. 

5 See Journal of the Society of Automotive Engineers, vol. 18, No. 3, March, 1926, 
pp. 249-251, Micrometer Type of Contact Accelerometer. pig ‘ 

6 This cooperative committee represents the Rubber Association of America, the 
Society of Automotive Engineers, and the United States Bureau of Public Roads. 
The shire tests herein described were not a part of the activities of the cooperative 
committee. 





SHOWING THE INSTALLATION OF A MULTIPLE-ELEMENT 
OF THE PLUNGER CARRYING THE WHEEL 


of a cantilever flat steel spring pivoted at the point of 
maximum bending moment and extended beyond the 
pivot to carry asuitable weight or inertia element. The 
weighted end is restrained from oscillating, except 
through a very small arc, by means of upper and lower 
stop screws, which are also insulated electric contacts. 
For any given initial deflection of the spring, applied by 
means of and measured by ascrew micrometer, itis neces- 
sary for a definite acceleration to act upon the weighted 
end in order to produce sufficient force to separate the 
upper contacts or engage the lower contacts. Radio 
head phones are used to determine the proper setting 
of the micrometer to “balance” the acceleration im- 
pressed on the instrument. 


This accelerometer was alternately secured to the 
unsprung mass to which the hub of the wheel was 
attached and to the unsprung mass of the felloe portion 
of the wheel which carried the dual tires. A shelf 
riveted to the main unsprung portion of the impact 
machine afforded a convenient means of attaching the 
instrument when measuring “‘hub”’ accelerations. <A 
similar shelf for the attachment of the instrument when 
measuring “rim” accelerations was provided for by 
machining a vertical plane surface on the steel flange of 
the tire and tapping holes into the flange in order to 
bolt the instrument shelf securely to it. The instru- 
ment in the two positions is shown in Figure 4 and on 
the cover page. 

Data concerning the action of coil spring accelerome- 
ters under cushion-wheel conditions were obtained with 
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a four-element instrument attached to the top of the 
“plunger”? or unsprung mass of the impact machine. 
The data obtained with this instrument were not ze 
intended for use in this investigation and are not 
included in the report. This installation is shown in 
Figure 5. 
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IMPACT FORCES MEASURED BY DIRECT AND INDIRECT METHODS 
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Each wheel and tire combination to be tested was 
installed in the proper position in the impact-testing 
machine and the machine was leveled so that the 
guides for the plunger carrying the wheel were vertical. 
The Kreuger cell was placed between the tires and the 
pavement and the machine was adjusted until the SENS Seen ae 
distance between the point of maximum elevation of DUAL WORN SOLID TIRES. 
the wheel and that of contact of the tires with the sur- 
face of the Kreuger cell gave a desired height of fall. 

The truck spring in the testing machine was then °o 2 4 é So) haa) oa A a ee OI 
adjusted to give the desired pressure when the tires Nine Cen Mais 
made contact with the Kreuger cell. 

The contact accelerometer was installed to measure 
hub accelerations and the impact testing machine was 
set in motion, the cam raising and dropping the un- 26 
sprung weight about seven times per minute. The 
micrometer setting on the accelerometer was varied 24 
until three out of six consecutive drops of the wheel 
registered in the phones, and the setting was noted. 
This process was repeated with the accelerometer in- 
stalled to record rim accelerations. The Kreuger cell 
was then removed and its plane surface was smoked 
lightly, after which the cell was replaced and a singie 
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Figure 6.—Srtratic Loap-DEFLECTION CURVES FOR TIRES 
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STATIC LOAD - THOUSANDS OF POUNDS 
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drop made upon it. The diameter of the resulting ss ea ies 

record on the smoked surface was read by two observers are 

using a Brinell microscope. The average reading of 8 = _ 
the diameter was recorded. If, as occasionally hap- CUSHION WHEEL~ COMPRESSION TYPE. 
pened, there was an appreciable difference between the ‘ eabiienvetibde rier eS 










































































readings of the two observers the test was repeated. 4 
Six individual drop tests on the Kreuger cell were taken : 4 
in the above manner. The average of the six recorded Seales Ses Se er 
diameters was referred to a calibration curve for the — Fiaure 7—Sratic Loap-Deriection Curves ror WHEELS 
cell and the magnitude of the impact force determined 8 j 
for the given test condition.’ ' 
RESULTS OF STATIC AND IMPACT TESTS PRESENTED 29 ; 
WHEELS : 
; ’ ; "| WM RIGID-ARTILLERY TYPE, 
Table 1 gives the load-deflection data for the static 3. RS ESUEHON G OUPRES SON 
tests on the three tires and on the three wheels. These | DUAL TIRES . 
data are represented graphically in F igures 6 and 7, rg Watinaiisotiane 
respectively. Figure 8 shows the same relation for each A Sa mica 





wheel-tire combination, and was obtained from the data 
in Table 1. 


Table 2 gives the weights of the various tires, the 
elements of the various wheels, the unsprung portions 
of the testing machine, and the total hub and rim com- 
ponents for each wheel-tire combination. 


Tables 3, 4, and 5 contain the data for the impact 
tests on the three wheels equipped with cushion, new 
solid, and worn solid tires. The height of fall shown 
in the first column was measured upward from the 
position of the wheel at contact with the surface on 
which it struck to the position from which it was 5 
dropped. The displacements shown in the second to ; 
fifth columns, inclusive, were measured downward from PNEUMATIC. TIRE 
this same datum (position of the wheel at contact) and 
are either tire deflections (rim displacements) or a com- 
bination of the tire and wheel deflections (hub displace- Oe Ri 6 
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’ The same two observers read the diameters of the Kreuger cell records during Figure 8.—Sratic Loap-DeFLection Curves ror WHEEL- 
these tests and the static tests upon which the calibration curve for the cell was based. Tire CoMBINATIONS 
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ments). The displacements under static load were This formula is based on the assumption that the 
tabulated simply as a matter of information, and the measured values of acceleration of the hub and of the 
values do not appear in any of the diagrams. rim and that of the spring pressure are simultaneous. 

The total reaction was measured directly by the No experimental evidence was obtained that this as- 
Kreuger cell and was also computed using the following sumption is correct. Had more test apparatus been 








equation: available it is possible that some information on this 
oint could have been obtained. 
F= M,A,+ M,A,+(M,+ Mg +P P 
eiehich WHEEL-TIRE COMBINATIONS CLASSIFIED ACCORDING TO RESULTS 
[ : ' OF STATIC TESTS 
F is the computed total reaction between the tire and ; 
the slab or road surface. The static load-deflection curves of the respective 
M, and M, are the respective masses of hub and rim wheels, tires, and wheel-tire combinations are shown in 
portions of the wheel. Figures 6 to 8. The relative facility with which such 
A, and A, are the respective accelerations of the hub ; 
and Tim portions of the wheel. TABLE 3.—Impact data for ture NC 
g is the acceleration of gravity. 
P is the pressure of the vehicle spring at the instant of Displacement roe 
“ 7 Maximum : oe 
maximum acceleration. Height seer tae Computed foree, | ured 
of Static Dynamic SE 


fall 





TABLE 1.—Deflections of tires and wheels under static load 


Rim‘) Hub} Rim! Hub| Rim | Hub | Rim | Hub 
Rall 
| | 


In. In. | In. | In. | In. |Ft./sec. | Ft./sec. 2} Lbs. | Los. | Lbs. Bs Lbs. 








Spring Total) Total 








Tire NC TIRE NS Tire WS Wheel RS Wheel RC | Wheel WM 
























































De- De- De- De- Des De- Wheel WM: Total static load____- 3, 536 pounds. 
Load) flec- | Load | flec- | Load | flece- | Load | flec- | Load | flec- | Load | flec- Rim weight ____-- 469 pounds. = Unsprung weight__._ 1,711 pounds. 
tion tion tion tion tion tion Hub weight_____- 1,242 pounds. Sprung weight___-... 1,825 pounds. 

—— 0.523) 0. 435] 0. 444) 0.824, 0.847/ 154.5) 164. 2, 2, 250) 6, 330) 1, 130/11, 421) 10, 900 

691) .440| .440] .890, .912) 189.2) 194.3! 2,757] 7,490] 1, 000/12, 958) 12, 700 

eae he Pe at oh. ae Lbs. ‘ ree Lie Aas Lbs. 4 Ae 1.196] .444) . 449) 1. - 1. 08¢ zt 280. 5| 3, 775/10, 820] 730.17, 036) 17, 000 

me 038 200) .045! 370! . 015 100} .022' 500] .008 370). 000 | —- 
1,040) 1170) 1,000, 1168) 1,000 043) 1,000, 038, 3010/00 1,000,001 +-—- Wheel RC: Total static load... 3, 596 pounds. 
1,500| .227/ 1,500) .217| 1,570! .055| 1,620] .097| 5,130| .106/ 1,570/ .003 Rim weight_._-.- 496 pounds. Unsprung weight_.__ 1,846 pounds. 
2,000] .282) 2,000, .266| 2,030, .032| 2,000] .119| 7,500] .148| 2,080| 005 SERA BOA St Rs pope none Ser SEPA ne Were Rv ae CDT OE 

ee Ee cog eal acl eee a O50] = 185) 10) 000) -.100), °S, O20), 008. 470 4451 -.480) 795) 887] | 185.7] 1515 8-2, 001]: 6, 350} -1, 050(11, 287] 10, 880 

6,080) 582' 4°000' 1381 6.070 .101/ 5,030) 1318] 15.0001 1252/ 6.070) .O11 . 685] . 438} .473| .869| .976] 159.6] 189.7] 2,459) 7,950] 900|13, 155| 12, 700 





: aoe : 1.047| . 445] | 483) .979| 1.114/ 192.8] 244. 8| 2,970 10, 260, 700,15, 776| 15, 550 
Boner cece o poo 428 Dy AE gle EO) ncn Binh oa Coole oe beta cock con Mend S101. 45) 2 485) 1. O54b 11, 258) 254.5 313.1) 3, 920.13, 180 470,10, sn 19, 600 
12,020, .878) 8,000) .539 11, 990) :135| 10,970| .642| 22,500| .310) 11,990) .023 

14,050} .958| 10,000, .596| 14,030, .145| 12,070) .692| 25,000| .326) 14,030| . 027 





























































































































16, 050| 1.027| 12,000] .647| 16,020| .152| 14,020] .770|_......|.--__- 16, 020! . 032 Wheel RS: | Total sti tis load_____ 3, 387 pounds. 
18, 100) 1.090] 14,000] .690! 17,980| .159/ 16,410} .810|__.____|_____- | 17,980) .035 Rim weight__---- 494 pounds. Unsprung weight_.-_ 1,757 pounds. 
20, 110| 1.148] 16,000! .727| 20,000! .165| 18,150] .833/.....__|_-___- 20,000, . 039 Hub weight__-__- 1,263 pounds. Sprung weight_--_..- 1, 630 pounds. 
22, 120] 1. 4 , | Pad 4 | , 47 Seog: ted Sey eee et [Ema ae 22, - 04 or ss 
24, 000 - on me hed Hiss oe pee me ze a Pete a we i ts .539| .421| . 556] . 768; 1.094 148, 4 155. 0| 2, 278) 6, 076| 730/10, 841! 9, 550 
26, 000) 1. 272 : : 28, 000. % 181 93" 800 : S175 eae alba oR, 000) 052 690) . 434) . 560) . 805) 1.173 170. 3 177. 5} 2,613} 6, 960) 600/11, 930} 10, 600 
98° HOO SISOS] meesscch 28) 000. E 185 26. 060 : an Smale eee a 98. 000! .057 a2 176| 441) .575) . 947) 1.416 250. 9 265. 2| 3, 850) 10, 400 200) 16, 207} 13, €00 
30, 000! 1.332 PON eel : 97, 990 : O04: atl wae ¥ : ih co . 431) . 569) 1. 103) 1.705 378.4) 382. 5) 5, 805/15, 000} —425)22, 137| 18, 300 
wee ay 0 UU) ------- ae arctic ks 
TABLE 2.—Weights of tires, elements of wheels, the unsprung por- TaBLE 4.—Impact data for tire NS 
tion of testing machine, and the total hub and rim components for _ 
each wheel-tire combination mee ? 
isplacemen 
Tire: Pounds Maximum Meas- 
ite. ee ee | eee es 282% Height} | acceleration Computed force ae 
NS 202% of Static Dynamic 
fo Se eee Dee, a a) Ge ee fall | 
\\S See eT ee le ke 146 | : ie ] 
Rim | Hub| Rim} Hub; Rim | Hub | Rim | Hub |Spring Total) Total 
r Hub Rim = | = [ee | i 
Wheel : : Total 
| portion) portion’ In. | In. | In. | In. | In. \Ft./sec.*|Ft./sec.2| Lbs. | Lbs, | Lbs. | Lbs. | Lbs. 
| | Wheel WM: Total static load___-_- 3, 555 pounds. 
Pounds) Pounds) Pounds! Rim weight__---- 313 pounds. Unsprung weight___- 1,555 pounds. 
| WERRS hh ee o teal Ee 106 Gi] EA Hub weight____-- 1, 242 pounds, Sprung weight______- 2,000 pounds, 
eee oe ers 193 137 330 
| NVI eee oe ko! 85 110 195 0. 442) 0. 342) 0. 342| 0.610) 0. 623 171.9 185, 6/ 1, 672! 7,160) 1, 500/11, 887| 11, 100 
703, .335| .335| .670| .685| 228.0! 252. 5| 2, 217| 9,740| 1, 400\14, 912] 14, 400 
1. 183| .343| . 344 788 818) 343.2) 384. 5 5 33614 830| 1, 175|20, 896) 21, 400 
Pounds | | | | 
Unsprung weight of impact machine ae a 1, 157 Wheel RC: Total static load____- 3,610 pounds, 
Extension rings used with tire NC__-_-_-- 764% Rim weight_____- 340 pounds. §Unsprung weight____ 1, 690 pounds. 
Hub weight___..- 1, 350 pounds. Sprung weight___-_-- 1, 920 pounds. 


COMPOSITE UNSPRUNG WEIGHTS 






































.425| .343] .385] .580/ .674 132. € 161. 7| 1, 400) 6, 780] 1, 425}11, 295| 11, 050 
{ | ’ . 696) .338! .377| .652) . 768 1549. 6 224. 4 1, 685) 9,410) 1, 250/14, 035, 14, 000 
| Rim component i eo SSO eOCOle te 702 . 918 236.6) 344. 3| 2, 498 14, 430) 1, 000/19, 618) 19, €00 
| Hub | | | 
Wheel | com- | 
|ponent| Tire | Tire | Tire | Wheel RS: Total static load____- 3, 351 pounds. 
| NC Se evs Rim weight___--- 338 pounds. Unsprung weight__-_ 1, 601 pounds. 
| | }__ | Hub weight___--- 1, 263 pounds. Sprung weight______- 1,750 pounds. 
| Pounds) Pounds Pounds| Pounds ~521) .382| .471l 645) 2896) 167.3 153. 5| 1, 756] 6,020/ 1, 040|10, 417| 9, 630 
RSseaee | 1,263 | 494 338 | 281 . 708} .315| .456| .580) .973 211. 1 179. 5) 2, 216) 7, 040 920/11, 777) 11, 150 
RG@s 15350 496 340 283 1.077) .323) .460) .650) 1.132 315.7| 254.5) 3,312) 9, 980 670/15, 563) 14, 300 
WM....... | 1 242 469 313 256 1. 562| .334| .476| .735| 1.328] 481. 4 342.2. 5, 052|13, 425) 50)20, 428) 18, €00 
| | 
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TasiE 5.—Impact data for tire WS (3) Wheel WM, rigid—artillery type; 
and of the tires: - 
| _-Displacement Botts (1) Tire NC, new cushion; 
| Maximum (2) Tires NS, new solid; 
Height) acceleration Computed force ured “ : 
of | Static | Dynamic force (3) Tire WS, worm solid. te : 
1 — The arrangement of the wheel-tire combinations, in 
|Rim| Hub] Rim|Hub| Rim | Hub Rim | Hub SpringTotal| Total. the order of decreasing stiffness, is given in Table 6. 
= I—| | This arrangement is based on the static tests, but it 
In. | In. | In. | In. | In, \Ft./sec.*| Ft./sec.?| Lbs. | r0s.| res. | zes.| x0, should be kept in mind that the possible differential 
Sage at ag, Dotallstatic load..... 3,888 pounds. oun es ae ears ah paris of ane Rete wheels 
Rim weight_-.---- 256 pounds. nsprung weight...- 1; pounds, 1 result in local changes in 
Hub weight__-.-- 1, 242 pounds. Sprung weight_------ 2, 390 pounds. BURST ee AN UES Nt) ATS : Ss 





























0. 134) 0. 115] 0. 122) 0. 138| 0. 142 115.3{ 123.9| 916] 4,780| 2, 370) 9, 564| 7, 670 
2224!) 2112) 114i) 6159) 2 172) 159. 6| 195. 8} 1, 269] 7,550) 2, 275)12, 592| 12, 300 
~334| 119) 121) .183) . 211 207. 1 263. 7| 1, 646/10, 170) 2, 230,15, 544| 16, 490 
‘ z 108} : ug . 192} .230) 298.9] 349. f 2, se 480| 2, 2018, 554! 20, 440 

Wheel RC: Total static load___-- 8,908 pounds. 
Rim weight___--- 283 pounds. Unsprung weight_... 1, 633 pounds. 
Hub weight__-__- 1,350 pounds. Sprung weight____--- 2, 275 pounds. 

5188]. 139) -175| .165| . 255) 68.9} 126.0) 605! 5, 280; 2, 150] 9, 668] 8, 750 

. 429} .124, .174) .196) .335) 205.5 225. 4| 1,806] 9,450) 2, 025/14, 914) 15, 450 

.700| .138) .180) . ai ; va 377. 5 329. 0) 3, 320/13, 800! 1, 900/20, 653) 21, 100 
| | | 

Wheel RS: Total static load____- 3, 694 pounds. 
Rim weight___--- 281 pounds. Unsprung weight__.. 1,544 pounds. 
Hub weight_-._-- 1, 263 pounds. Sprung weight__._--- 2, 150 pounds. 

482; . 112) ,260| . 160) ..555 DSLNO 181. 6| 4, 820 7,120| 1, 625/15, 109) 11, 800 
. 718} .124) . 265) - 183] . 650 741.0 243. 3| 6, 465} 9,540} 1, 475/19, 024) 15, 300 
1g aps A | : 730) J al . 816) 1, 243.4] 362. soe ye 200} 1, 200/27, 794) 21, 800 




















curves may be obtained would make them a convenient 
means of determining relative cushioning, provided the 
conclusions reached as a result of static and impact tests 
were compatible. The following discussion is primarily 
concerned with those cases which do not involve inter- 
secting curves or curves closely adjacent to one another. 


The critical factor affecting the magnitude of impact 
forces is the acceleration (or deceleration) of the vertical 
motion. This rate of change in vertical velocity will 
depend upon the magnitude of the initial velocity and 
the character of the resistance of the cushioning 
medium. A less stiff medium deflects further and 
therefore requires a longer time interval to reduce the 
vertical velocity to zero. For such media as are of 
interest in this problem, the longer the time interval 
consumed in changing velocity the lower the rate of 
change, or acceleration, will be. 


In either static or impact tests, the work done on a 
given cushioning medium is the same (neglecting 
hysteresis effects) where a given maximum resisting 
force has been reached, regardless of the time involved, 
and is therefore a valid basis for comparisons. The 
area between the load-deflection curve and the deflec- 
tion axis, between the limits of zero and the specified 
maximum load, is a direct measure of the work done. 
If the load-deflection curves were rectilinear, the work 
done would, of course, be proportional to the deflection. 
Where the curves are obviously analagous or similar, as 
in the respective groups in these tests, the areas repre- 
senting the amounts of work done will bear approxi- 
mately the same relations as the deflections produced. 
Thus, an order of stiffness based upon the relative de- 
flections under a given static load is readily obtainable 
and is reasonably sound physically, particularly where 
the respective curves do not intersect. 


_ On the above basis the static load-deflection curves 
indicate that the arrangement of the wheels in the order 
of increasing stiffness is: 


(1) Wheel RS, cushion—shear type; 
(2) Wheel RC, cushion—compression type; 


an order of stiffness based upon impact tests. It should 
also be noted that very small differences in the deflec- 
tions at a given load do not indicate appreciable differ- 
ences in stiffness and should not be accepted as a rigid 
criterion. 


TABLE 6.—Deflections of wheel-tire combinations under static 














loads 
Load or resisting force 
Wheel-tire combination 
10,000 15,000 20,000 
pounds | pounds | pounds 
| 
Inches Inches Inches 
W MEW S28 sete sd sees ee oe a eee ede ae 0.15 0. 18 RAD 
ROW Sacro oes ee es eee ae nee .3l . 40 46 
WM-NS eo oe ee a ee ee ee . 62 .74 . 82 
RS=W Soak Se ee ee ee ee cio . 93 1.01 
ROSN Gi 52- 2 eee cae ee ee ee eee ae .79 | . 96 1.08 
WiM-=NG 32 oe ee ee eee oe 81 | 1.02 1.18 
RGEN O22 Pit ee eee oe ee ee ae eee a ee 98 | 1, 24 1. 44 
IRS=NSs ace oat Beat es Se a See a Sees 1.20 1.49 1.63 
RSAN C2. ee ee ee 1.38 | 1.78 1.99 
| a 














As will be seen later, the load-deflection relations for 
the tires under static and impact conditions appear to 
be compatible, and the stiffness series established by 
the static tests agree in general with those of the impact 
tests. 


IMPACT TEST RESULTS SHOW SAME ORDER OF CUSHIONING 
QUALITY AS INDICATED BY STATIC TESTS 


In the preceding discussion of the static tests it was 
assumed that the relative stiffness of a wheel-tire com- 
bination should be based upon the work done or energy 
absorbed in developing a given resisting force. The 
system being conservative, it follows, disregarding in- 
cidental losses, that, when the maximum resisting force 
or impact pressure is attained, the work done on the 
cushioning elements is equal to the kinetic energy at 
the instant of impact. This kinetic energy is equal to 
the potential energy put into the system by raising its 
mass above the contact position against the influences 
gravity and of the truck spring. The gravity com- 
ponent is, of course, dependent upon the height of fall 
or distance the mass is raised above contact. Since 
the truck-spring pressure at contact, or initial deflection, 
was maintained constant throughout all test conditions, 
the spring component is also dependent upon the height 
of fall or added deflection beyond the contact position. 
Under these conditions the height of fall is an approxi- 
mate measure of the energy available at that instant. 
It therefore follows that the height of fall required to 
develop a given maximum resisting force or reaction 
between the tires and the Kreuger cell is a useful 
measure of the relative stiffness of the wheel-tire com- 
binations under the particular impact test conditions. 

The impact forces developed by the three wheels (as 
measured by the Kreuger cell) are plotted against the 
corresponding heights of drop in Figures 9, 10, and 11, 
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each figure representing one tire condition. The rela- (Table 6). A greater height of fall indicates a greater 
tive stiffness of the wheels may be found for each tire amount of energy absorbed, and therefore a less stiff or 
condition by comparing the heights of fall required to 

develop a given impact pressure. A comparison of all he 
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HEIGHT OF DROP - INCHES ° 
QO ce 4 6 1.4 1.6 Ba 20 
Figure 9.—Impact Forcrt DrvELOPED By Eacu TyprE HEIGHT OF ROP - INCHES 
oF WHEEL AS MEASURED BY KREUGER CELL. WHEELS 
EQUIPPED wiTH DuaL New CusuHiIon TIRES 


Figure 11.—Impact Forcrt DrEvELOPED By Eacu TyPpB 
oF WHEEL AS MEASURED BY KREUGER CELL. WHEELS 
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HEIGHT OF DROP - INCHES 


oF WHEEL AS MEASURED BY KREUGER CELL. WHEELS 
EQuiIprED witH Duau New Souip Tires Fiagure 12.—Impact Forct DEVELOPED BY EacH WHEEL- 
TirRE COMBINATION AS MEASURED BY KREUGER CELL 
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of the wheel-tire combinations may be made from 

Figure 12. The heights of fall required to develop better cushioning combination. Table 7 shows that 
given impact pressures are given in Table 7 in the order the heights of drop generally increase with the pre- 
of decreasing stiffness derived from the static tests viously established order of decreasing stiffness. 
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TasLe 7.—Heights of drop for given impact forces 














Impact pressure measured by 
Kreuger cell 
Wheel-tire combination 

10,000 15,000 20,000 

pounds | pounds | pounds 

Inches Inches Inches 
SW = Wie oo oe oe Ne ee eee ees 0.18 0. 29 0. 47 
. 23 .41 . 64 
- 30 75 1.10 
. 36 YA) 1.05 
.33 9 1. 22 
. 45 a are ae 
. 38 . 98 1. 55 
ol 116 eek 
. 60 1.41 12.20 














1 Extrapolated result. 


The data presented in Table 7 show the variations 
in test conditions which were necessary to cause the 
different wheel-tire combinations to produce impact 
reactions of equal magnitudes. In Table 8 the data 
are presented to show the variations in the magnitude 
of the impact forces produced by the wheel-tire com- 
binations under identical test conditions. Here the 
order of listing is the same as before, and, with the 
exception of two combinations which indicate a rela- 
tively unimportant reversal at heights of drop of 1 inch 
or less, the arrangement indicates increasing cushioning 
qualities from top to bottom, as in Table 6. It should 
be emphasized that where there are only slight differ- 
ences in cushioning qualities another test condition 
should be sought as a criterion, and preferably the 
criteria should be based on many tests under a wide 
variation in test conditions. 


TaBLeE 8.—Magnitude of impact forces for given heights of drop 





| Height of drop in inches 
Wheel-tire 



































combination 
en0s25 0. 50 0.75 1.00 1. 25 1. 50 175 2. 00 
a = | 

| Pounds) Pounds) Pounds) Pounds) Pouwnds| Pounds) Pounds) Pounds 
WM-WS..----- 13.2500) lie 20! GOO) (eee ee | eae eee | rene lictctore otelete es apes a ae 
RiG=Wissee= anne 0.7 OOF EL LOOM E21 O00 ieee eet |e |e i Sees eee 
WM-NS..-__-_- eae, Sek F800) 15,000! 1 1854009225008) 2 ee eee [as TPE 
RSSW Sk 5s ees sees 120005515: 800 1) 195300)" 22600 ees e eee eee eee 
RGSN SD. 2 eset a ae e 1159009) 14600) a7, 400 32054005) a= ae eee Stee a 
IW MiaN Cree oer 10, 600 | 13,300 | 15,400 | 17,400 |________ [ees se SP Sh ae 
RGN Cet oie eee AT LOO 7 1352000 e15;200 3 75 3005195008 ees ee eee 3 
RSENS ee soers| se Rae 9,400 | 11,500 | 138, 600 | 15, 800 | 18,000 | 20, 400 |________ 
RS=N Ce ee 9, 300 | 11,000 | 12,500 | 14,000 | 15, 500 | 17,100 | 18, 700 

| | 





CHARACTER OF TIRES AFFECTS CUSHIONING QUALITY OF WHEEL 


In determining the relative cushioning qualities of 
various wheels, the tire equipment used in testing is an 
important factor. If the tires in themselves are 
capable of a considerable cushioning action, then the 
cushioning quality of the wheel is relatively of less im- 
portance. On the other hand, the cushioning qualities 
of wheels may become very pronounced when inferior 
tire equipment is used. This is evident in comparing 
the curves (figs. 9 to 11) for the wheels when equipped 
with different tires. Table 9 shows that there is little 
difference between wheel RC and wheel WM when 
cushion tires NC are used and a small, though appreci- 
able, difference between wheel RS and wheel WM with 
the same tires. There is a marked difference, however, 
between wheel WM and either of the cushion wheels 
when worn solid tires WS are used. In Table 9 the 
values for the cushion wheels have also been expressed 
as a percentage of the value for the rigid wheel for the 
same test conditions. A study of Table 9 and Figures 


9 to 11 leads to the conclusion that the less effective 
the cushioning quality of the tire equipment the more 
effective will be the cushioning quality of the wheel. 


TaBLe 9.—Influence of tire equipment on impact force 








Height of drop to Impact force for 0.5 
; | produce 15,000- ie p S 
Tire Wheel pound impact ne height of 
| force D 
| 
| Inches | Per cent | Pounds | Per cent 
WM. S223 | 0. 29 100 20, 6 100 
IW Se oo en ee ee RCA sess ae eee . 41 141 17, 100 83 
RS Sc sce: ee eee | . 70 241 12, 000 58 
Wii oe seat as 95 100 10, 600 100 
IN Cxeeeo eee eee RiC ss aoe See . 98 103 11, 100 105 
RS etre ee 1.41 148 9, 300 88 














STATIC VERSUS IMPACT TESTS 


In making a direct comparison of the static and 
dynamic behavior of the wheels, it is necessary to 
compare load-deflection curves for the two conditions. 
The static and impact load-deflection data have been 
plotted for the three wheels, equipped with cushion 
tires (fig. 13), solid tires (fig. 14), and worn tires (fig. 
15). In Figure 16 the impact load-deflection curves 
are given for all wheel-tire combinations. 


Figures 13 to 15 show that rigid wheel WM deflects 
approximately equal amounts under static and impact 
loads of equal magnitudes regardless of the tire equip- 
ment. It is also evident that cushion wheels RC and 
RS deflect noticeably less (from 10 to 30 per cent) 
under impact pressures than under static pressures of 
the same magnitude. This difference between the 
deflections under static and dynamic conditions may 
be due to the tire, the wheel, or the particular combina- 
tions involved. By plotting the tire deflection (rim 
displacement after contact) against impact pressure 
as measured by the Kreuger cell (fig. 17) and comparing 
with the static load-deflection curves, it is seen that the 
tires deflect approximately the same amounts under 
impact loads as they do under equivalent static loads. 
A like comparison can not be made of the deflections 
of the wheels alone under static and impact conditions, 
because a direct measurement of the impact pressures 
at the wheels—i. e., between the wheel and tires—can 
not readily be made. We are led to believe, however, 
that, stace the cushioning media of the tires acted in 
substantially the same manner under static and impact 
conditions, the cushioning media of the wheels, being 
of the same material, would do likewise. The differ- 
ences mentioned above are probably due to some in- 
herent characteristics of the particular wheel-tire 
combination, such as those caused by variations in the 
rim mass and the relative stiffness of the two cushioning 
media. 

A reasonable explanation of the differences in the 
deflection of the wheel-tire combinations under static 
and dynamic conditions may be made if the wheel and 
tire do not develop their maximum pressures simul- 
taneously. The tires must develop a greater resisting 
force than the wheel, because the kinetic energy of the 
rim (/,A, in the formula) must be absorbed by the 
tires or pavement and does not react on the wheel. 
On the other hand, the energy stored up in the hub 
(M;,A;) is absorbed by the cushioning medium, if any, 
of the wheel, as well as by the tires and pavement. 
The unsprung masses and the ratios of the unsprung 
masses to their respective cushioning elements can so 
modify the development of resisting forces by the 
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— IMPACT LOADINGS ----STATIC LOADINGS 
WM RIGID WHEEL ~ARTILLERY TYPE. 

RC CUSHION WHEEL ~ COMPRESSION TYPE, 
RS CUSHION WHEEL - SHEAR TYPE. 






































° = 4 6 & 1.0 1.2 14 1.6 1.8 2.0 
DEFLECTION — INCHES 


Figure 13.—ComPaRIson oF ToTaLt DEFLECTIONS OF DIFFER- 
ENT WHEELS EQUIPPED with NEw CUSHION TIRES UNDER 
Impact AND Static Loaps 
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— IMPACT LOADINGS ----STATIC LOADINGS 
WM RIGIO WHEEL - ARTILLERY TYPE 

RC CUSHION WHEEL - COMPRESSION TYPE 
RS CUSHION WHEEL -SHEAR TYPE 
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Fieurr 14—Comparison oF Totat DEFLECTIONS oF DiIr- 
FERENT WHEELS EQquipPpED witH NEw Souip TIRES 
UNDER Impact AND SratTic Loaps 


various cushioning media in the system that the mag- 
nitude of the reaction at the pavement is considerably 
affected. 

The combined deflections of the wheel-tire combina- 
tions are given for several impact force magnitudes in 
Table 10. The deflection values, which are the dis- 
placements of the hub after the tire makes contact 
with the Kreuger cell, are taken from Figure 16. The 
arrangement of the series is the same as in Tables 6 
to 8, and it is evident that the combined deflections of 
the wheel-tire combinations under impact conditions 
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Figure 15.—Comparison oF TotTat DEFLECTIONS oF DiIF- 
FERENT WHEELS EQUIPPED WITH WoRN SoLip TIRES 
UNDER Impact AND Sraric Loaps 
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FicurEe 16.—CoMPARISON OF DEFLECTIONS OF ALL WHEEL- 
TirE COMBINATIONS UNDER Impact LOADS 


(Table 10) show the same general tendencies that they 
did under static conditions (Table 6). The fact that 
rigid wheel WM and cushion wheel RC show a differ- 
ence appreciably less under impact conditions than 
they do under static conditions is attributed to the 
material increase in the mass of wheel RC (see Table 2) 
without a sufficient compensating decrease in stiffness 
(see fig. 6). 
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Figure 17.—Loap vs. 


TaBLE 10.—Combined deflections of wheel and tire for given impact 














forces 
Impact pressure on Kreuger 
cell 
Wheel-tire combination 
10,000 15,000 20,000 
pounds |} pounds | pounds 
| Inches Inches Inches 
W M—WS8s.2. a ee ee ee ee ee 0. 16 0. 20 0. 
RO=W6 2s est eee ee ee ee ee ee, orl . 33 . 39 
W MENS. ho ee eS eae pea | . 60 .70 .79 
RS-WS8 2222 e ee eS a Ae ee | - 50 . 64 avks 
RO=NS8 222 ee a ee en ae . 64 . 80 . 92 
WMENG? 2S Se ee ere a 80 1.01 1.18 
TRO=N Ons oe ee ee eae es eee ee ee . 84 1.09 1. 26 
RS=N 8 sect eee a ee eee aol i aly 1.38 
IRS=N Gls red) ee bene Re eee 1,13 1. 51 1,79 
| | 











COMPUTED VERSUS DIRECTLY MEASURED IMPACT FORCES 


Throughout this report the directly measured forces 
(by the Kreuger cell) have been used as a basis for com- 
parison. In the case of the computed forces; there is no 
certainty that the maximum acceleration values used 
in the computations are simultaneous in their occur- 
rence. If they are not simultaneous, greater maximum 
forces would be indicated as reacting between the tire 
and the pavement than actually existed. Referring to 
Tables 3 to 5, it is noted that the computed force 
exceeded the Kreuger force for about 80 per cent of the 
test conditions. Although the theory concerning the 
nonsimultaneous attainment of maximum acceleration 
values is mathematically tenable, it is not conclusively 
proved by the above-mentioned results. Everything 
considered, however, it is thought that the forces indi- 
cated by the Kreuger cell afford a more uniform or 
standardized basis for comparing impact reactions in 
these tests. 





TEST CONDITIONS AFFECT RELATION BETWEEN RIM AND HUB 
ACCELERATIONS 

A detailed discussion concerning the time relation of 
the hub and rim accelerations of the various wheel-tire 
combinations is probably intimately related to a discus- 
sion of the magnitudes of these accelerations. Such a 
discussion is, however, more properly in a field of study 
for automotive engineers and will not be attempted 
here other than to note that rim acceleration may be 
greater than, equal to, or less than hub acceleration 
according to the variations in test conditions. 
PNEUMATIC TIRES ON RIGID WHEELS COMPARED WITH CUSHION 

WHEELS 

Since cushion wheels in themselves may contribute 
some cushioning in addition to that afforded by the 
tires, the question naturally arises as to how such 
wheels equipped with solid or cushion tires compare 
with pneumatic equipment on rigid wheels. The 
desirability of having information on this point was 
recognized, and the original program was amplified 
somewhat to provide the data. 

There are two types of pneumatic equipment which 
are considered standard for the wheel loads used in 
these tests. These are 40-inch by 8-inch single and 
36-inch by 6-inch dual tires. Although for purposes of 
direct comparison with the other tire equipments used 
in the program it would have been preferable to test 
the dual pneumatic tires, this was not possible, because 
of certain space limitations in the impact-testing 
machine. The data for the combination of rigid 
wheel and penumatic tire given in Table 11 were ob- 
tained with a 40-inch by 8-inch tire inflated to a pres- 
sure of 105 pounds per square inch. The data are 
also shown as dotted curves in Figures 8, 12, 16, and 17. 
The effect of using the single instead of the replacement 
size dual tires is to increase somewhat the cushioning 
shown by the pneumatic equipment. The magnitude 
of this effect may be judged by data obtained in prey- 
ious tests ® where it was shown that, on the average, 
the impact reaction of dual pneumatic 36-inch by 6-inch 
tires was about 120 per cent of that of a single 40-inch 
by 8-inch tire, all other test conditions being the same. 

It is evident from the data obtained that, after 
making ample allowance for the added stiffness of 
replacement size dual tires, the pneumatic tire and 
rigid wheel equipment provides somewhat greater 
cushioning (as indicated by lower impact reactions for 
the same test condition) than does even a new cushion 
tire on either of the cushion wheels tested. 


TaBLE 11.—Impact test data for a single pnewmatic tire on a rigid 






































wheel 
Unsprung weight, 1,395 pounds; sprung weight, 1,200 pounds; total weight, 2,595 
pounds] 
Displacement Computed force 
Height | Acceler- * Measured 
of fall | ation force 
Static |Dynamic Hub Spring Total 
| = | 
Inches | Inches | Inches | Ft./sec. | Pounds | Pounds | Pounds | Pounds 
0. 812 0. 688 1.613 15525 6, 740 —250 7, 885 7, 500 
1270 . 682 1. 841 199. 7 | 8, 650 —700 9, 345 8, 600 
1,274 | .-692 | 1.890 210.1 | 9, 100 —800 9, 695 9, 600 
1. 793 . 693 2. 168 243. 9 10,570 | —1,300 10,665 | 11, 500 
1 








8 See references in footnotes 2, 3, and 4. 
(Continued on page 97) 








A TEST FOR INDICATING THE SURFACE. HARDNESS 
OF CONCRETE PAVEMENTS 


Reported by L. W. TELLER, Senior Engineer of Tests, Division of Tests, United States Bureau of Public Roads 


HERE has long been a need for a test which would 

indicate the surface hardness of concrete pave- 

ments. While normally the wear produced by 
rubber-tired vehicles is not serious, there are cases 
where the surfaces of concrete pavements have not 
possessed the necessary resistance and appreciable 
wear has occurred. ‘The engineer has had no way of 
measuring the effect on surface hardness of factors 
such as sand-cement ratio, type of sand, admixtures 
or methods of curing, and for this reason there is a 
noticeable lack of data on the subject of wear resist- 
ance. A number of methods of test have been pro- 
posed at different times but none of these has come: 
into general use. This paper describes a device which 
has been developed by the Bureau of Public Roads for 


wear unit which is shown in Figure 2 consists of a 
roughly circular steel plate carrying three 100-pound 
segmental lead weights and supported by the three 
tangential wheels mentioned above. This plate re- 
volves around a vertical spindle at its center. The 
wheels are 8 inches in diameter, have a \-inch half- 
round face or edge and are made of hardened steel. 
The path followed by the wheels is 21 inches in diam- 
eter. The total weight of the unit is 463.5 pounds or 
618 pounds per inch of width of the supporting wheels. 
The speed of rotation of the plate is about 35 revolu- 
tions per minute. Thus, any given point in the wear 
path is subjected to 105 wheel applications per minute 

The spindle in the center of the plate is connected 
through a knuckle to a vertical shaft set in a long 





FiGureE 1.—GENERAL VIEW OF COMPLETE MACHINE 


indicating, by tests in place, the surface hardness of 
concrete pavements. It was designed primarily to 
secure data on the relative surface hardness of con- 
crete cured by different processes and has been in use 
sufficiently to demonstrate its usefulness. 


THE WEAR MACHINE DESCRIBED 


The principle of the machine, which is shown in 
Figure 1, is very simple. Three narrow steel wheels, 
placed tangentially to a single circular path (fig. 2), 
are caused to roll along this path at a constant speed 
and under a constant load. The depth of wear pro- 
duced in the circular path by any given number of 
wheel passages is used as a measure of the hardness of 
the surface being tested. 

Mechanically the machine is not complex. — 
sists primarily of a wear unit and a power unit. 


It con- 
The 





vertical bearing in the center of the frame or power 
unit shown in Figure 3. This shaft is turned by a 
1%-horsepower electric motor operating through a 
worm and worm gear. The shaft carries a spline which 
permits it to move up or down through the worm gear. 
As the wheels wear into the concrete the vertical shaft 
moves downward through the gear, since the shaft is 
connected firmly, although not rigidly, to the rotating 
plate and the gear housing is fixed in the supporting 
frame. This arrangement permits a determination of 
the depth of wear at any time by a measurement of 
the position of the end of the vertical shaft with respect 
to any fixed point, such as the gear housing. 

This method of measurement is shown in Figure 4. 
When readings are being made, a steel U-frame is 
placed on two ground steel surfaces set in the top of 
the gear housing. This frame carries a micrometer 
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dial reading to thousandths of an inch and the stem of 
the dial bears against the end of the vertical driving 
shaft. A revolution counter is actuated by a cam on 
the vertical shaft and may be seen back of the left leg 
of the U-frame shown in Figure 4. This counter 
registers the number of revolutions of the main plate. 

Power may be supplied from any source, such, for 
instance, as a drill spindle, but the electric drive shown 
in the photographs has been found to be very con- 
venient and has the added advantage that the device 
may be taken anywhere in the field, provided that a 
small gasoline engine-driven generator is available. 

It should be mentioned that wear wheels of soft steel 
were ‘tried at first. Although not entirely unsatis- 
factory, they are not nearly so well suited to the pur- 
pose as the high-grade steel which has been hardened 
(and ground if necessary). 


TEST PROCEDURE SUITED TO FIELD USE 


When the machine is being transported the frame is 
lifted off from the wear unit and is reassembled just 





FicurEe 2.—THE Wear UNIT, ConsiIsTING OF THREE TAN- 


GENTIAL STEEL WHEELS, SUPPORTING A CONSTANT 
Loap oF 618 Pounps PER INcH OF WHEEL WIDTH 


before a test is made. 
bility of the machine. 

The spot chosen for a test should be as smooth as 
possible, since data which are obtained from a rough 
surface are likely to be erratic during the early part of 
the test. The wear unit is placed in position over the 
spot to be tested and the frame is lowered over it. The 
knuckle, which couples the vertical shaft to the wear 
unit, is connected, and the three locking springs, which 
hold this knuckle in firm contact at all times, are 
fastened. The motor is connected to the power supply 
and the machine is set in motion. After the plate has 
revolved four or five times a set of initial readings 
is taken. 

The procedure in taking readings is as follows: The 
position of No. 1 wheel is marked on the pavement and 
a reading is made with the micrometer dial The plate 
is then revolved through 30° and another dial reading 
taken, the position of No. 1 wheel being again marked 
on the pavement. The plate is revolved through 
another 30°, a third dial reading is taken and the posi- 
tion again marked. These three dial readings are 
averaged for the initial or zero wear reading. The 
machine is now set in motion and the plate is revolved 


This adds greatly to the porta- 


any desired number of times, say 25 or 50, after which 
another series of readings is taken, care being exercised 
that the position of the plate is the same each time as 
it was when the zero readings were made. It has been 
found that at least three readings are necessary to 
obtain a good average value for the depth of wear. 
Actually, this average is that of nine points on the 
wear track. 

After reading the depth of wear the plate is again 
rotated the specified number of times and another 
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Figure 3.—TuHe Drivine Unit with THE Wear UNIT 
- REMOVED 


series of readings is made. Experience will show the 
total number of revolutions which will constitute a 
satisfactory test. In the tests so far conducted be- 
tween 1,000 and 1,500 revolutions per test have been 
used and it is believed that this number is ample. The 





Figure 4.—StTEeEeL U-rrRaAME USED IN Maxkina MEASURE- 
MENTS OF THE DeEpTH OF WEAR. OPERATING SwITCH, 
Driving Moror ano REVOLUTION CouNTER ARE ALSO 
SHOWN 


results are purely comparative, however, no attempt 
having been made to standardize the test. 

It was thought that the consistency of the data 
might be affected by the accumulation of dust in the 
path of wear. This possibility was investigated by 
running a number of duplicate tests, in one-half of 
which the dust was blown from the track at frequent 
intervals with an air blast. The data obtained indi- 
cated that neither the amount of wear nor the consist- 
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ency of the results was affected to any measurable 
degree by the presence of the dry powder. 

It has been noticed, however, that tests made when 
the pavement is moist show abnormally low wear, 
probably due to the fact that the worn particles, when 
damp, pack in the wear path and thus protect the bot- 
tom of the groove. 


TYPICAL DATA PRESENTED 


Figure 5 shows typical data obtained with this 
machine. The two curves represent the wear produced 
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Figure 5.—RESULTS oF TESTS ON Two SLABS OF THE SAME 
CoNCRETE BUT CURED BY DirFERENT Metuops. Eacu 
CurVE REPRESENTS THE AVERAGE OF Five TESTS 


on two slabs of presumably identical concrete which 
had been cured by two different methods. Each curve 
was determined by averaging the data for five tests. 
The individual points have been left off the curve for 
slab A to avoid confusion. The dispersion of points 
in the data shown for slab B is typical, however. It is 
usually found that there is quite a little difference in 
hardness between different points on the same pave- 
ment and this is reflected in the apparent inconsistency 
of several tests on the same pavement. ‘There is also 
difficulty in reading depth of wear to a thousandth of an 
inch on a surface as irregular as a concrete slab. This 
is shown by the failure of the observed points to follow 
a smooth curve. For both of these reasons it is most 
desirable to average a considerable number of readings 
when drawing general conclusions regarding the surface 
hardness of a pavement as a whole. 

Figure 6 shows other data typical of that which has 
been obtained. In this figure are wear resistance 
curves for concretes made from radically different 
aggregates (although in each concrete both the fine 
and coarse aggregate came from the same basic ma- 
terial). Since the portion of the curves shown repre- 
sents wear of the mortar, it is quite evident that con- 
siderable differences in the surface hardness of con- 
crete pavements may be due to the character of the fine 
aggregates used. 

These two figures are included to give a general idea 
of the data which may be obtained and to illustrate 





two of the many possible uses which may be made of 
such a machine. 

It is realized that the mechanical design of the ma- 
chine is susceptible to improvement. However, the 
design as it stands is simple, reliable and portable, the 
test is fairly rapid to make and it is believed that the 
data obtained are a measure of surface hardness. 
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Figure 6.—REsuLts oF TEsts ON ConcrETE Mapr WitH 
DIFFERENT AGGREGATES 








(Continued from page 94) 
GENERAL INDICATIONS SUMMARIZED 


The major indications from this series of tests are as 
follows: 

1. Other conditions being equal, cushioning material 
incorporated in the supporting structure of a truck wheel 
reduced its impact reactions. This reduction may be 
negligible or important, depending upon the construc- 
tion of the wheel and the tire equipment used on it. 

2. The cushioning properties of cushion wheels 
become more pronounced as the cushioning properties 
of the tire equipment used on them decrease. 

3. The additional weight sometimes necessitated by 
cushion-wheel design may partially or even entirely 
offset the advantage gained by the cushioning action 
of the wheel structure in so far as the impact reaction 
on the pavement is concerned. 

4. For the conditions of these tests, observed tire 
deflections for impact pressures are practically the 
same as those observed for static pressures of the same 
magnitudes. 
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GENERAL FEATURES OF DESIGN OF CROSS SECTION OF CONCRETE PAVEMENTS ON FEDERAL-AID PROJECTS 
SUBMITTED IN 1928 





State 








Arizona 
Ay KanSaS=o-=ss—=} 


CalJifornia 


Colorado 
Connecticut-_-_---- | 


Idaho 


Maryland------.-- | 
Michigan=s2=-22— 
Minnesota_------ 


Mississippi-_------| 


Missouri 
Montana...------ 


New Hampshire-- 
New Jersey------- 
New Mexico 
ING@Way OfkKsoseo ee 


North Carolina__- 


Pennsylvania---- 
Rhode Island.--_-- | 
South Carolina.--| 
Tennessee-_..---- - 


Wairginig zee 
Washington---.-. 


West Virginia---_- 
Wisconsin........ 





Steel used in reinforced type 





Location 
































2 inches from top-_--- 
Top and bottom---- 


2 inches from top 
and bottom. 


Thickness 
| Thick- 
, ened , : Bars, | Mesh 
Width edge Crown Mix proportions pounds pounds 
Edge | Center| Edge | width per 100 | per 100 
| square | square 
| feet feet 
| = 
Feet | Inches | Inches | Inches | : 
18| 9 6 yo IB eretee ka MOY hen Li 23S Fe eee eee ee 
18 6 6 (ie oe || Sees ee ee TYe inches. sees sence! tie. oe sere eee ee | aaa ame 
18 9 6 9 2 feete: 22) 124 inches! parabolies|-li223)¢ sss sees |ae eee 
20 9 29 Omar feoteee || Linch =: ss sseee nee 1s0s4 Fe ee eae ee oe Oe es 
18 9 6% 9 | 3 feet...) 114 inches parabolic_| 1:2: 
D0 apes. Mh 0x8 aes ee 114 inches, circular- |) 7:9; 
15 Pit 3 6 i ye Curvedsj2=—-- 6 Reena ee Saas 5 
18| 9 6 ORs ES cebe=s| pave tu Ches sane. sees : 
18 9 6 OM n3 fee trae a| 14 Inches seas asses oe was 
20 9 6 Quan 2 TeOb=. seve INCH Ye kesmeen rere 22:3 
} 18 9 6 9 2 feet__._]\, ; . +9-21 6 
{ 20 9 7 9 | 3 feet... h inch, circular__..-- SRS eer era at al (Bh es 
18 9 nf 9 214 foetal) 21nChes seen aes 132: 525.0 he sceate lieeecert poe 
18 10 If 10 esctest== 2 inchosaseseeusee see (CEs eee ee a | ae eee 
| : Jif: 1670087 aoe ee 
18 9 6 9 ger 2 BS parabolic. -_ (iiisecase Tea ah \ ones | eee oes 
18 9 6 Oe §2 fecteaaaln lt} ainchess=a==aeoee Lit 22316 eee ee ee |e eee 
18, 20 8 6 8 Curved .| 2}4 inches-_......-.- 132: 3)6ge Ot ose | eee 47.5 
20 9 7 Om ei 4teeGeeee e144 iIncheseaases-s=== L233) 6 eee eee LiGee | foseetee 
16 9 6.3 Sew dorese|k2inches nen a fap Ee ee aes eee ne MS ol oe 
20 9 i 9 3 feet_...| 1}44inches, parabolic_| 1:2:314._..-.-_--_- 60 59 
20 9 7 95 44 feet 2 =) inch ee eee 1323316222 ee eS Le ee eee 
| 
18 { é : é Spee? inchesy CLrCUl amseee |e 22) ee eee | eee 86 
18 9 6 OP et domee Pl yeancheswet so. ae Ts 2:3 ee eee sare le ee |e 
18, 20 9 6 97 92 2doe= 22) :2inches; circularss 22) His2: Geese ee | Sees ae 
18 9 6 Oa Ole se hl in Ch ssaon nee eee TDs Soe eeeys pee eee cee 67-75 
i os 3 HD RAPE coe 144 inches.......... NBS Se 3 35 | 76 
ale 9 6 9 32 feetsseai Pinch yparabolicl= =.) ls2:decssnsseeee= an eae ane ae eee 
18,20 { 3 : §  |\o-t0feet.| 134 to 134 inches...) 1:2:8)4...---.--+-- 53.9| 53.4 
6 6 6 i ; . 
16, 18, 20 8 6 8 Curved .\{172 12 inches, Pore st 814022: bi, ce en eee 
8 if 8 c 
18, 20 9 tf 9 2 fectsees| Linch, cunvedss-=s- 12223 Jaeger ee eee | eee eee 
18 9 6 Omer d0ssees QaAnNChesy PAarabolic-e-lela2. seas = eee | eee | eee 
18 { 5 : : \ Curved - 1 inch, parabolic_____ fenrerr oi) 56 95 
20, 30, 40 3: 8 a | eee: Can 134 inches} circulars sis 2 ss eee ee |e 42 
18 { 1% B44 ue Curved s|/2:)inches;;parabolic. =: |05 2: 4asen seem sae ae ee | eee 
18 8 6 Seal eedorcene 1einches, parapolicay L203 oe a= sae eee eee | eee 
18 9 6 9 2 feet 22.| 2: inches; parabolic. s2°3)4n mee eno eee ee 
18 9 6 Oo end Orcs lainch= planess=== 2a. 1 I) Je GE, Saeed Pe abe | acer Bete ll hts a a 
18 df 7 Lip sate ee eee ae 2 inches, plane-_----- 12:48 Seale es: Ra ee ee 
18 8 6 8 Curved -| 214 inches__...-.-.-- 
18, 20 9 614 9 2 feet=== |) 2: Inches ease s=e-— se 
16, 18 { i ‘ Peat) Shee 24 inches._.-.------ 
20 9 6% 9 4 feet_._.| 1 inch, parabolic____ 














| Steel used in plain type 


| 2 34-inch round smocth 


oiled edge bars. 

None. 

4 -inch round smooth — 
edge bars. 

4 -inch square edge 
bars. 

Dowels only. 


None. 
? 34-inch round smooth 
edge bars. 


Do. 
4 54-inch round smooth 
edge bars. 
| ie 34-inch round smooth 
edge bars. 
Do. 


None. 

Dowels only. 

6 %-inch round edge 

| bars. 

2 34-inch round edge 
bars. 


Do. 
2 1-inch round edge 
bars. 
v 


Dowels only. 


Dowels only. 


2 34-inch round smooth 
edge bars. 
6 \%-inch round de- 
formed edge bars. 
(° 54-inch round edge 
bars. 


Dowels only. 


Do. 

4 to 6 inch round 
edge bars. 

None. 


None. 
Dowels only 





Do. 





2 Double thickened edge section used with 6-inch thickness at center of half width. 
3 Admixture 40 cubic foot hydrated lime per bag of cement. 


4 Proportioned by weight; 1 pound cement to 3.78 pounds aggregate, or 1 pound cement to 5.18 pounds aggregate. 
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Longitudinal joint Transverse joints Dowels 
State Nl eet Se = - 
Ty Gage No. ¢ , < P é oe ee 
ype Ghia Type Spacing Width Filler Longitudinal joints Transverse joints 
| | 
| | Inches 
. Adabamas—_2-=L- Deformed metal plate_| 16_...._.-- Hxpansiones = sa e.= 50 to 200 feet__| 14-1 | Premolded or poured_-_| 2 feet by % inch | None. 
| round, 5 feet C. 
to.c; 
ATAZONGS ace os 225 INRoy aap AN Sek Oe es ee | (eS ee eee Contraction______- Bat U CeYey nee eee S| eae gee Sle ce Sai UD ee EN (pe Lie ee Bie A Beara Le Do. 
ATK ANSHS =o 2 Deformed metal plate_| 16__..-_--- Spansion. e=se. lates GQgeeerse 34 Premolded or poured__| 4 feet by 1% inch | 6 4 inch round.! 
| ae: 5 feet C. 
to C. 

; A Expansion.-.-___- GOieet seen ence 4 Premoldedse. see ease INONGE gee 10 84 inch by 2 feet.! 
California... Weakned plane. ..-.--|------------ Norio scen ae! TOO bse co es eee NON 2a See eae eine, ak ee iy eS None. 
Colorado--.-_-...- Deformed metal plate_| 18___-.---- | Expansion---_--_-- | 60 feet_..-....- 4) Premolded__......---- 4 feet by % inch Do. 

Bee 5 feet C. 
to C. 
Connecticut----- Bituminous, poured | 4%, 4inch-|__-_- rake, Seed ee pee dae Owe eeees 4 Premolded or poured.-| None.__---_-------- Do. 
or premolded. 
Deformed metal plate_| 16__.------ Construction_-__-- ISS NOCESSORY 2 en eeee oes IN ONO eens ah ee 4 feet by 14 inch | 7 84 inch round.! 
Delaware | pound, 5 feet C. 
ee oC, 
Weakened plan@sceos= leo easesee sacle oa dose. setsaeee eee GOS asses oss aes eee CO RG Yee ee aoe Nonese 2s. aoe Do. 
Biorid ass .se se. 22 IN RopaVy Se Ont a Ber nll aap Bae Expansion... ---.--- 40 feets. 2222252 14-34; Premolded or poured-_-|_____ Pilg cae aoe are pa 8 % inch round.! 
Georgia... =... <. | Deformed metal plate_| 16---------|----- Goce ateess5 “55 Eng of runs-s.ie 5-94", Pouredaasee-pes eee = 4 feet by % inch | None. 
| round, 4 feet C. | 
d Aare: 14.5% toG: 
Idaho........---. Weakened plane. .---.|------------ (Doncactont on eet ke sap eremdlded seats. (None sven tees | Do. 
Ninos == eno = Deformed metal plate.| 18.-------- Construction_----- (PAS necessarya-lo-- 20 s- [Meee a caanes eee 4 feet by % inch Do. 
ee 5 feet C. 
| to C. 
indianas: bose Deformed metal plate | 16-....----|----- Git Soe 82S COs Sawer seas (seen nee ee eee eee 4 feet by % neh) 6 4 feet by 34 inch 
or weakened plane. | Hae 5 feet -C. round.! 
| to 
ROW Gzces se oGock Deformed metal plate_| 18--_.--.-_|----- Otte tees sa eoeee (Goes Slant Ses a fe ee eet Kye 5 feet by 5% inch | 10 2 feet by % inch 
round, 4 feet C. to round.! 
; : 1% inch 
Expansion __-_--_- LOOHeEt sae eee ae SAP OUured Sse eee 4 feet by 14 ine | 
UCN TREN St ee a | Os pen 1Sceces see fogeteton SLEENS: ar yar SO | ne na ie See ote oP rune 5 feet C. to fea 
enticky #22222 \t-20 don ee 162 Construction____-- WAS necessarye: sae Mien toon ne ent eee ee ee Ot ee Do. 
HOMIsiang. 2 se~ - =|. oo. doer eS cee 16s eee Hxpansionesess2s= LOGHeCt= eee = 4| Premolded or poured__|_____ Got a 8 % re by 4 feet 
round. 
Wiaine- 2.2. 2... Construction (plain)eeleeese-s-----|--==- Momeeseeecacs = 40 feetzse =.= 14) Premolded__-.-.-...-- INIGNO ee Ce ee 10 % eck by 2 feet 
round. 
Maryland-_-.--..| Weakened plane_-__-__- Construction....-- uA SN OCESSALY-< 2a S22 so sees see oe Se eee Poem ale eee Ole eee ees None. 
Michigan__...._. Deformed metal plate_ Expansion -.------ | 100 feet_....--- LS) Premolded=2222252---= 4 fet by % inch Do. 
‘ round, 1 foot 8 | 
inches C. to C. 
eae Onewe se oee as | 201 feetzeoc2k-. De eee (6 [0 Raya eee en 4 feet by 1% inch | 6 % inch by 2% inches 
: round; 5 feet C. to round.! 
NEnneSOGas. ooo lee. LOM Sen a 162 se. | Cc. 
ormed geimetalal 40: feets ses.enale prot eee eee oe eee neo eens Wanner e Ee None. 
plate. 
EN OMG Seem eee eee eae Expansion --.....-. 30 fects cecce ee 14) Premolded__..__....-- NON Oe eee ee ee aoe 8 34 inch by 4 feet 
Mississippi - -_.-- A round,! 
Deformed metalplaten | Ss--ssee | sea sews eee ee nanan | 60 fects. Sante ers o tte soe a een ae 4 feet by % inch 
ogee 5 feet C. to | 
NEISSOUTIosso= 2 = ooo -. Pag Sa Ai el ah UGsecces ne Construction_...-- AAS NOCOSSALY = ata acme as eae ee een ee ee dete | None. 
Montana----..-- Weakened plane. __--|-----.-.-.-- Expansion --------| 3U!feel 2222s == $4; Premolded-__-_-__----- Non eis bse seneeees Do. 
New Hampshire.| Construction (plain) __|------------|----- (Osseo tseace 00) feeteee see == 14-34| Premolded or poured__|_____ (6 (icp ees ee 8 & i by 2 feet 
round. 
New Jersey_----- EEX Pansionme sas e ae Peurich as a|osa—= GOMeessaes ee hot. too feotean|basseo [eae GOnes5 se a eae eee dot eee 6 34 inch by 20 inches 
round. 
New Mexico_.--- Deformed metal plate_|.-----------|----- COSeaee sae os 60:feete22=2 =.= Pale eremoldedaee a= ea= 4 feet by 14 inch | None. 
| Fe 5 feet C. to 
New York....--. Gonstructiony(plain)male-s2=22=s—-|2=-o— dose a eiees. 18:feets.=-s-2-- 34| Premolded or poured--| None..---- eee Me | 8% ner by 18 inches 
; roun 
Srarneimearoundssl @N ONO=..<.- neo s- sn ce elo oeac ans as Construction..---- WAS MCCOSSALY alin san anansc cen eo aes anne ne sale Seen eee eee | 984 inches by 2 feet, 
| : round (oiled). 
OHIO= oo Saco scan Weakened me planemor|=osess ase eee (6 fe a5 ae 0 Foe sesso lo on towne aero aaa See ee eee ae 4 feet by 4% inch | None. 
deformed metal | | round, 5 feet C. | 
plate. ; C. 
Oklahoma-.-_____ Deformed metal plate_| 18_.------- Expansion_--...--| 50 feet-._-....- rege 
Pennsylvania-__.|_____ (Ol tes = = ae a eae iV ee ee do eer | Designed--_--- 3 
Rhode Island_.._| Expansion__.._-_-.--- CARON es 55 eee doy 22en eee ee | 100 feet....---- 8 ¥4 nen by 2 feet 
South Carolina_-| Only on doubtful sub- | 16-18_.---. ----- dogs see sacs 40} feetiee sass 2 34-34) __--- OS ates soe | 4 feet by 1% inch | None. 
grade. | Foun, 5 feet C. to | None. 
Tennessee__...-- Deformed metal plate_| 16_-------- ----- (0) sseceosess! <es52 do2=W=---- 34| Premolded or poured_-'_____ dO ze orenaeasaese | 6 % Pe by 4 feet 
| roun 
oa So, he ete Ap itr ue an + Ceres | 40 to 100 feet-.| 1 | Premolded......-...-- ee got eae (8 9% inch by 3 feet 
| roun 
Ui eee Weakened planes]. c\--=-_----- ae Ue ih One ae. esi ee | Viloosee (6 to eS eS NONOSe ae eee _ None. 
Wermonit—.. 22... erection EE Slt DR ere SST COE) See End of run-_--) 16 -.--- Ove es cee eee 2 feet by 3 inch | 8 % inch round.! 
| round, 38 feet 4 
| inches C. to C. | 
WMirginia= <2... INORG Seen eee ee es ee Fe | Construction------ As necessary --|..------ JPocteertad hoe séaseccee [i feet by 33 Penne | | None. 
i lfExpansion_ —~...--. 40 f60teeeeaeees 44) Premolded_-_---------- eet by ine 
Washington_---. Weakened plane-_-._._|------------ Gontractionaae SO fos eee eal 5) SNS BORER AS | ae 8 feet C. to Do. 
West Virginia __- i pl dee ee | Construction----.- As necessary --|--------|-----------~------------ IN ONO Steen ease aes Do. 
FW iseonsin care he aoe bee 1Seestee Aes | Bxpansion-------- 50 foots.2 222-2 44-l4| Premolded -......__.- 4 feet by % inch | | 4 58 inch round. ! 
round, 3 feet 11. 
inches Cito'G, 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department’s free supply is 


_ exhausted and no funds are available for procuring additional copies, 


applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 


DEPARTMENT BULLETINS 


No. *136D. 20ce. 


220D. 


Highway Bonds. 
Road Models. 


257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10e. 

*370D. The Results of Physical Tests of Road-Building 
Rocky 15c: 

386D. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 

388D. Public Road Mileage and Revenues in the New 
England States, 1914. 

390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

407D. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

463D. Earth, Sand-clay, and Gravel Roads. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 
5c. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

*660D. Highway Cost Keeping. 10c. 

*670D. The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 5c. 

*691D. Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

*724D. Drainage Methods and Foundations for County 
Roads. 20c. 

1216D. Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use 
in connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 


adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 


DEPARTMENT BULLETINS—Continued 


No. 1279D. Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 
1486D. Highway Bridge Location. 


DEPARTMENT CIRCULARS 


94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 


No. 


TECHNICAL BULLETIN 


No. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 

No. 62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal Aid 
Highway Projects. 

93M. Direct Production Costs of Broken Stone. 

*109M. Federal Legislation and Regulations Relating to 
the Improvement of Federal-aid Roads and 
National-Forest Roads and Trails. 10c. 


SEPARATE REPRINTS FROM THE YEARBOOK 


No. 914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 


REPRINTS FROM THE JOURNAL: OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 

3. Relation Between Properties of Hard- 
ness and Toughness of Road-Build- 
ing Rock. 

6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 

crete Slab Subjected to Eccentric 
Concentrated Loads. 


Vol. 5, No. 19, D- 


No. 24, D- 
6, D- 


Vol. 5, 


VOL am OMINO: 








* Department supply exhausted 
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